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INTRODUCTION

The Boulder Creek Critical Zone Observatory (CZO) 
is located in an area steeped in mineral exploitation 
dating back to the 1880s.  The Colorado Mineral Belt 
is comprised of igneous intrusions and ore deposits 
from the Laramide orogeny.  This band strikes north-
east/southwest through the region, stretching 250 
miles (Tweto and Sims, 1963).  Beginning in the late 
1800s, this region was mined for gold, tungsten, lead, 
silver, and zinc (Fig. 1).  Along with prospecting, 
mining, and smelting, this region was subject to de-
forestation and development with the flux of settlers 
in the late 1800s (Veblen and Lorenz, 1991).  The 
surge of European settlers in the mining boom made 
this region an industrial hub, utilizing processes now 
known to have negative impacts on ecosystems. 

The Boulder Creek CZO project focuses on the bal-
ance between natural weathering and erosion pro-
cesses in the critical zone.  The purpose of this in-
vestigation is to quantify heavy metal concentrations 
in regional soils to identify possible contamination 
associated with mineral exploitation.  In investigation 
of soil processes in the critical zone, environmental 
impacts associated with the flux of human settlers, 
such as deforestation, road construction, and min-
ing, should not be overlooked.  In the case of mining, 
Diawara et al. (2006) report surface soil contamina-
tion of lead (300 ppm), arsenic (30 ppm), cadmium (5 
ppm), and mercury (200 ppb) around major smelting 
sites in southern Colorado.  While certain elements, 
such as Pb, have been detected in Boulder County 
soils, the heavy metal signature associated with this 
region has not been investigated in detail (Dethier, 
personal communication). This investigation char-
acterizes the regional extent of metal contamination 
across a range of sites in Boulder County.

This investigation employs the analysis of spatial and 
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geochemical data to determine whether surface soils 
exhibit trace metal enrichment and, if so, to character-
ize the nature of contamination across southwestern 
Boulder County.  This study investigates lead, arsenic, 
cadmium, chromium, barium, manganese, mercury, 
copper, iron, and aluminum.  These 10 metals include 
major soil constituents (Fe, Al, Mn) and common 
environmental contaminants (Pb, Cd, As and Hg).  

Trace metal enrichment in the A horizon compared to 
material from depth (C horizon) is expected to be a 
function of two variables: natural accumulation and 
external accumulation.  Pedogenesis releases mineral-
bound elements to the soil through weathering.  Bio-
chemical processes draw elements, such as manga-
nese, from depth and concentrate them in surface soils 
via decomposition.  Natural accumulation depends on 
profile weathering and organic enrichment. 

Alternatively, external accumulation reflects anthro-
pogenic deposition.  The main control on deposition 
is the distance between a location and its potential 
contamination source, in this case, mining/smelting 
sites.  The likelihood of contamination surrounding 
historic mining and smelting sites is based on the 
observation by Kabata-Pendias (2001) that metal 
halos surround locations such as these.  With no other 
factors considered, metals associated with mining 
should be highest in concentration in soils surround-
ing the source of enrichment, and will decrease along 
a gradient with distance from the source, mostly in 
the direction of transport.

Controls on accumulation pertain to the affinity 
each soil has for an element.  Kabata-Pendias (2001) 
suggests that organic and clay content are the main 
controls for metal adsorption in soils, as oxide miner-
als and organics have partial negative-charged sur-
faces, which tend to form weak bonds with positively 
charged metals.  Soil pH affects metal solubility and 
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Method (Kimbrough, 1989).  This method drives 
mineral- and organic-bound elements into solution 
using hot 4:1 concentrated HNO3/HCl (‘aqua regia’).  
This method is modified from EPA Method 3050B, 
which also leaches bioavailable elements and leaves 
mineral-bound elements undigested (USEPA, 1996). 

The SCL Method yields primary and secondary fil-
trates for separate analysis.  Extracts were analyzed 
using inductively coupled plasma optical emission 
spectroscopy (ICP-OES) for total Pb, Ba, Mn, Cu, Cr, 
Cd, Fe, and Al and graphite furnace atomic absorp-
tion spectroscopy (GF-AAS) for total As.  Due to the 
rigorous, hazardous nature of SCL digestion, samples 
were selected for analysis based on location to maxi-
mize the spatial representation of analyses.  Dupli-
cate field samples and replicate extracts were used to 
ensure sampling and digestion precision.  
	
Bulk analysis of total Hg using cold vapor atomic 
absorption spectroscopy (Hydra-C) was performed in 
the Environmental Geochemistry lab at Amherst Col-
lege on sieved, oven-dried samples.  Digestion was 
not required for this technique.  Geochemical analyses 
of pH, organics, and partial grain-size were conducted 
using oven-dried <2 mm fraction to supplement 
metal data.  pH was measured using 2:1 H2O:soil 
slurries (Robertson et al., 1999).  Percent organics 
were measured as loss on ignition (LOI), mass lost in 
ashing at 450 ºC (Rowell, 1994).  Partial grain-size 
analysis was performed to approximate percent clay-
sized fraction.  Geochemical data for each site were 
mapped in relation to historic mine locations using 
ArcGIS (Causey, 1998).  Past and present production 
sites were incorporated into two sample parameters: 
distance from nearest mine site and mining density 
(number of historic sites within 1.5 km radius). 

RESULTS AND DISCUSSION

Metals Results

Examination of trace metals in southwestern Boul-
der County soils compared with other physical and 
chemical soil properties ultimately allows for de-
termination of whether soils have been impacted by 
mining activity and, if so, to what extent.  Elemental 
concentrations obtained using ICP-OES, GFAAS, 

is a function of mineralogy and organic content.  Eh/
pH plots for elements demonstrate increased mo-
bility in acidic, reducing soils.  To characterize the 
distribution of metals in Boulder County soils in this 
investigation, trace metal concentrations were evalu-
ated in relation to the soil properties of pH, % organic 
content, and % fine-grained material.  Possible spatial 
relationships between trace metal concentrations and 
locations of mining and smelting locations were also 
investigated.  

METHODS 

To obtain a regional spectrum of soils, samples were 
collected along an east-trending elevation gradient 
from alpine (3450 m) to lower montane (1850 m) 
elevations; samples included three Boulder CZO 
sites: Green Lakes Basin, Gordon Gulch, and Betasso 
Preserve.  Accessible sites along major roads between 
CZO sites also were sampled to characterize the 
region in higher detail (Fig. 1).  Surface soils, consist-
ing of organic and A horizons, were sampled to ~20 
cm depth.  Unaltered parent material (C horizon) was 
sampled at >1 meter depth to compare surface soils 
with unweathered parent material geochemically.

Thirty-three air-dried samples were sieved to <2 
mm (-1 f) fraction for acid digestion using the SCL 

Figure 1.  Map of southwestern Boulder County, Colo-
rado showing sample sites and historic mine and smelter 
locations and towns, roads, and Boulder CZO sampling 
locations (Causey, 1998).



24th Annual Keck Symposium: 2011 Union College, Schenectady, NY

126

and Hydra-C were normalized by soil digest mass.  
Results for As, Al, Ba, Cd, Cr, Cu, Fe, Mn, and Pb 
in mg/kg soil (ppm), and Hg in µg/kg soil (ppb) are 
reported in Table 1.  Sample concentrations were used 
to explore how metals fractionate, how metal concen-
trations vary by horizon, and how concentrations of 
one element relate to others within horizons.  	

Correlation ellipsoid matrices were used to general-
ize relationships between elements for each horizon.  
Corresponding elemental A and C horizon concentra-
tions were compared to evaluate whether processes 
are occurring through the entire soil profile or are 
localized within a given horizon.  Surface soil con-
centrations were analyzed spatially in relation to min-
ing site locations using ArcGIS.  Spatial parameters 
of distance to nearest mine site and number of mines 
within 1.5 kilometer radius for each sample site were 
created for statistical analysis, which is not addressed 
in this submission.

Examination of correlations between different trace 
metals and between trace metals and soil proper-
ties may provide insight regarding metal origin.  For 
example, a correlation between two metals within the 
C horizon for all samples could suggest that the metal 
origin is similar and may be associated with parent 
material breakdown.  Likewise, a strong correlation 
between two metals in surface soils and not at depth 
could suggest that the metals are derived from the 
same source, such as atmospheric deposition.

Fractionation of Elements

The finest material in soils is comprised of silt- and 
clay-sized mineral and organic particles, which bear a 
partial-negative surface charge and have high relative 
surface area (Kabata-Pendias, 2001).  The charge and 
area draw metal cations to clay surfaces, which results 
in higher metal content in fine-grained fractions.  In 
keeping with literature predictions about the behav-
ior of trace metals in soils (Kabata-Pendias, 2001), 
fraction analysis of three samples showed higher trace 
metal concentration in fine-grained fractions (Fig. 2).  
Soil chemistry was comparable between <63µm (silt/
clay) and 63-125µm (very fine sand) fractions.  Con-
centrations of fine fractions differed significantly from 
fractions >125µm.  

For example, Pb and As show a negative correlation 
between grain-size and concentration (Fig. 2).  Con-
centrations are higher in finer fractions than in coarse 
material for all elements.  Analyses suggest that alu-
minum is lower in concentration at Magnolia Road, a 
21 kyr moraine soil, compared to Gordon Gulch and 
Betasso sites.  As this soil does not vary significantly 
in age with other sites (see Wyshnytsky, this volume), 
this difference is likely due to variations in host rock 
mineralogy between sites.  

Elemental Trends by Soil Horizon

Boulder County A horizons are enriched in Mn, Pb, 
Ba, Hg, and As.  Surface soil enrichment results from 
accumulation and/or atmospheric deposition.  An-
thropogenic addition to soils from mining activity 
has occurred via atmospheric deposition.  However, 
external dust input and bioaccumulation, the tendency 
for plants to draw elements from depth and concen-
trate them in surface soils, may also be occurring.  
Therefore, elements enriched at the surface may be 
of anthropogenic or natural origin.  In contrast, C 
horizons are enriched in Cu and Cr.  Iron and Al do 
not vary consistently between horizons.  Elements 
without surface enrichment are likely derived from 
original host rock composition.
	
The A to C relationship across sites was evaluated by 
comparing elemental concentrations between A and 

Figure 2.  Example plots of Al, Pb, and As concentration 
distribution by size fraction (in µm) from three sample 
locations, compared with bulk concentrations in ppm (mg/
kg soil) for each site.
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C horizons collected at the same sample site.  Linear 
trends between A and C horizons for Fe, Cu and Cr 
suggest that variations by site are associated with 
pedogenic breakdown of host rock.  Enrichment in the 
A horizon and the relationships between A-enriched 
elements and soil properties, like % organics, war-
ranted further investigation.

Elemental Relationships 

In surface soils, enrichment of elements can be 
derived from natural and anthropogenic processes.  
Elevated concentrations of Mn and Ba may result 
from biological surficial concentration of elements 
from depth or from atmospheric dust input, while the 
source of Pb, As and Hg is anthropogenic (Kabata-
Pendias, 2001).  As Mn is extracted from depth over 
time by plants, decomposing organic matter may con-
centrate Mn in surface soils (Kabata-Pendias, 2001).  
There is a positive correlation between Mn and Ba, 
which suggests a common source.  Mercury, Pb, As, 
Mn, and Ba are enriched in surface soils, and each has 
a positive correlation with % organic content (Fig. 3). 

Figure 3.  Mercury, As, Pb and Mn, Ba as functions of % organic content with regression line equations and associated R2 
values displayed.  These correlations suggest that elements that are enriched in surface soils are associated with organic 
content.
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The most striking trend in trace metals occurs be-
tween Pb, As, and Hg in surface soils (Fig. 4). Strong 
correlation between Pb, As, and Hg (Fig. 4) in surface 
soils suggests that these metals were deposited via a 
common atmospheric anthropogenic source. 

In the C horizon, Fe and Mn, Fe and Al, and Fe and 
Cr are positively correlated, suggesting that these ele-
ments are associated with host rock breakdown.  No 
relationship between Cu and Cr exists, though both 
of these elements are enriched at depth.  The positive 
correlations between Cr and Fe and Cr and Al sug-
gest that chromium is present in host rock, and it was 
incorporated into soils by pedogenesis.  Iron and Mn 
are positively correlated at depth, but not in surface 
soils where Mn is enriched.  This difference could be 
attributed to Mn-rich dust inputs or bioaccumulation 
in organic matter (Kabata-Pendias, 2001).

Mining Signal and Implications

Surface soils are enriched with respect to Mn, Ba, As, 
and Pb, but not all A horizon enrichment can be attrib-
uted to anthropogenic activity.  Barium and Mn have 
a weak association with organic content, and these 
elements may be enriched due to bioaccumulation 
(Kabata-Pendias, 2001).  The correlation between As, 
Hg, and Pb in surface soils suggests that these met-
als are affiliated with atmospheric deposition.  These 
metals are associated with ore smelting processes that 
may have been used in the Boulder County region 
(Kabata-Pendias, 2001).  These trace metal signatures 
are likely evidence of the mining legacy in the region. 

CONCLUSIONS

The enrichment of surface soils in elements associat-
ed with anthropogenic activity suggests that Boulder 
County soils bear a signature associated with historic 
mining activity in the region.  Surface soils in south-
ern Boulder County are enriched in Hg, Mn, Ba, As, 
and Pb.  Lead, arsenic, and mercury enrichment likely 
results from anthropogenic atmospheric inputs from 
mining activity, whereas the origin of manganese and 
barium enrichment is likely from bioaccumulation 
or dust inputs.  Measured concentrations of metals 
reflect mechanisms of deposition and mobilization.  
While other elements may have been associated with 

deposition, Pb, As, and Hg are potential contaminants 
with a related source.  This investigation of potential 
contamination of toxic elements bears significance for 
the Boulder Creek watershed, as the heavy metals in 
surface soils are bioavailable (U.S. EPA, 1996) and 
could mobilize.  Further exploration will quantify the 
mass of each element by area to characterize contami-
nation potential of the watershed.

Within a soil profile, trace metals form weak bonds 
with fine-grained (<125 µm) soil material.  There is 
no correlation between % fine-grained particles and 
total metal content.  More exploration and detailed 
grain-size analysis is required to further characterize 
this relationship.  Ranges of trace elements across 
southern Boulder County do not exceed the ambi-
ent ranges reported by Kabata-Pendias (2001) for 
the United States, as indicated in Table 1.  Detailed 
sampling of soils for geochemistry near known, his-
toric mining and smelting sites could more thoroughly 
characterize the processes governing trace element 
accumulation and mobility. 
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Hg (ppb) B 51 – 141 12 – 53 4 – 18 60 - 170
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